Summary.
Anionic sites in the rat sciatic nerve were studied by light and electron microscopy using a finegranular cationic colloidal iron staining method (MU-RAKAMI et al., 1986) . The axon, as well as the endoneurium, the epineurium and the basement membrane of Schwann cells, were all confirmed to react strongly to the cationic colloidal iron even at a pH value of 1.0-2.0. Prior hyaluronidase digestion decreased the colloidal stain of the epineurium; chondroitinase ABC weakened that of the endoneurium and the basement membrane of Schwann cells. However, as axons retained stainability with cationic colloidal iron even after combined digestion with hyaluronidase, chondroitinase ABC, heparitinase and keratanase, the authors consider sulfated glycoconjugates and not those substances which are digestible with such common enzymes. The acid groups ionized at pH 1.0 are most likely sulfate groups. Methylation deprived the axon of the reactivity to cationic colloidal iron staining, and even subsequent saponification could not recover this reactivity to its full extent.
All these suggested the presence of sulfate groups. In the axon, electron microscopy revealed a deposition of colloidal iron on the external surfaces of microtubules and neurofilaments in the axoplasm and of very fine filaments connecting them. This highly negatively charged intra-axonal network could also serve toward a supportive function in maintaining the spatial distribution of microtubules either mechanically or through electrostatic repulsion or, possibly, serve as an intra-axonal cation exchange reservoir.
It has been suggested that microtubules offer a direct guide for axonal transportation and that the filaments extending from the surface of microtubules into the axon provide the driving force required for axonal transportation (FERRNANDEZ et al., 1971; SAMSON, 1971) . The presence of glycosaminoglycan on microtubules and associated filaments in axons has been demonstrated using lanthanum hydroxide (LANE and TREHERNE, 1970) , ruthenium red (TANI and AMETANI, 1970) or alcian blue (HINKLEY, 1973) . Moreover, AQUINO et al. (1984) used an immunocytochemical method to suggest that proteoglycan exists in the microtubules and may have be involved in axonal transportation.
In the present study, we used a cationic colloidal iron staining method (MURAKAMI et al., 1986 ) combined with chemical modifications and enzyme digestion to detect and identify anionic sites in the rat sciatic nerve, and examined the localization of the proteoglycan and other glycoconjugates.
MATERIALS AND METHODS

Light microscopy
Male and female Wistar rats (weighing about 200 g) were used under ether anesthesia. The sciatic nerves were fixed by the perfusion of 4% paraformaldehyde in 0.1 M cacodylate buffer (pH 7.4). Then the nerve tissues were excised, and immersed in the same fixative overnight. The tissue blocks were embedded in paraffin, and cut into sections 4-8 um thick. The sections of the rat sciatic nerve were incubated for 30 min in a series of cationic colloidal iron staining solutions (MURAKAMI et al., 1986) , whose pH values were adjusted stepwise to pH 1.0 to 7.0, washed in distilled water, treated for Prussian blue reaction, and then counter-stained with nuclear fast red. Methylation and saponification Some sections were methylated with 0.05 N HCl in methanol at 60C (FISHER and LILLIE, 1954) , and saponified with 0.1 N KOH in 70% ethanol at room temperature for 20 min (SPICER and LILLIE, 1957) . For each case, an adjacent section was incubated as a control in methanol or ethanol solution containing neither HCL nor KOH. These sections, including those for controls, were stained with cationic colloidal iron.
Enzyme digestions
Some sections were applied to single and multiple enzyme digestions for a variety of glycosaminoglycans before the colloidal iron staining (pH 1.0-1.5) as described above. In each case, an adjacent section was incubated as a control in the same buffer containing no enzyme. 1) Hyaluronidase: Some sections were immersed for 5 min in 0.02 M sodium acetate-acetic acid buffer (pH 6.0) containing 0.21% NaCl, and incubated at 55C for 3 h, 17 h or 28 h in 100 TRU/ml hyaluronidase (Streptomyces hyalurolyticus) (Seikagaku-Kogyo, Japan) in 0.02 M sodium acetate-acetic acid buffer (pH 6.0) containing 0.21% NaCI.
2) Chondroitinase ABC: Some sections were immersed for 5 min at 37C in 0.04 M Tris-HCL buffer (pH 8.0), and incubated at 37C for 2 h in 2 U/ml chondroitinase ABC (Proteus vulgaris) (SeikagakuKogyo) in 0.04 M Tris-HCI buffer (pH 8.0) containing 0.05 M sodium acetate and 0.02% bovine serum albumin.
3) Heparitinase: Some sections were immersed for 5 min at 43C in 0.01 M phosphate buffer (pH 7.0), and incubated at 37C for 1 h in 0.025 U/ml heparitinase (Flavobacterium heparium) (Seikagaku-Kogyo) in 0.01 M phosphate buffer (pH 8.0) containing 1 mM calcium acetate. 4) Keratanase: Some sections were immersed for 5 min in 0.01 M Tris-HCI buffer (pH 7.4), and incubated at 37T for 2 h in 0.2 U/ml keratanase (Pseudomonas sp.) (Seikagaku-Kogyo) in 0.01 M Tris-HCl buffer (pH 7.4).
5) Combined digestion with hyaluronidase, chondroitinase ABC, heparitinase and keratanase: The above-described hyaluronidase, chondroitinase ABC, heparitinase and keratanase incubation were variously combined, with some sections successively treated with hyaluronidase, chondroitinase ABC, heparitinase and keratanase. In these cases also, adjacent sections serving as controls were immersed successively in the respective solvents or buffers containing no enzymes. Electron microscopy Strips of the rat sciatic nerve (0.5-1.0 mm thick) were fixed with 2% paraformaldehyde and 0.5% glutaraldehyde in a cacodylate buffer, rinsed with the same buffer, dehydrated with a series of graded alcohols, and embedded in LR-white. Ultrathin sections of the sciatic nerve were treated with diluted (1: 50) cationic colloidal iron solution (pH 1.5 and pH 7.0) at room temperature for 30 min (OHTSUKA et al., 1993) . The sections were exposed to osmium tetroxide vapor and observed with a transmission electron microscope (H-700H or H-7100; Hitachi).
RESULTS
Light microscopy
Axons of the rat sciatic nerve stained with cationic colloidal iron showed intensely positive Prussian blue reaction through the entire range of pH values examined, i.e., 1.0-7.0 ( Fig. la-c) . Although the Prussian blue reaction within the axon tended to be weaker with lower pH values, a distinctly positive Prussian blue reaction was maintained even in strong acid conditions of pH 1.0 or 1.5 ( Fig. la) . At high power magnification, the materials stained positive to Prussian blue reaction in the axon were observed as a very fine network structure (Fig. la) . Axons in the rat sciatic nerve showed similar staining along their entire lengths from the proximal to the distal end, regardless of the thickness of the axon and of the location within the perineurium (marginal or central).
In addition to the axons, the endoneurium, the epineurium, the basement membrane of Schwann cells around the myelin sheath, and the basement membrane of capillary vessels among nerve fibers showed a positive Prussian blue reaction even when the staining was made at acid pH values of 1.0-2.0 (Fig. la) . The staining intensity of each structure at different pH values is summarized in Table 1 . Besides the axons, strong anionic sites were observed as if hemming the outside of myelin sheath at pH 1.5. The endoneurium showed a positive Prussian blue reaction at pH 1.5 (Table 1 ). The presence of strong anionic sites with positive Prussian blue reaction even in the specimen stained with cationic colloidal iron at a pH value of 1.0 was also confirmed in the (Fig. la) . After methylation, the nerve sections lost their reaction to cationic colloidal iron at pH 1.0 (Fig. 2a) of the axon. Methylation and subsequent saponification recovered cationic colloidal iron-Prussian blue reaction incompletely, not to the full extent as seen before methylation (Fig. 2b) .
Digestion with hyaluronidase eliminated Prussian blue reaction on the epineurium (Fig. 3a, b) . Chondroitinase ABC removed Prussian blue reaction from the endoneurium and the basement membrane of Schwann cells around the myelin sheath (Fig. 3c) . Heparitinase deprived the basement membrane of capillary vessels among nerve fibers of the Prussian blue reaction and weakened it on the basement membrane of Schwann cells (Fig. 3d) . However, single or multiple enzyme digestion with hyaluronidase, chondroitinase ABC, heparitinase, or keratanase did not affect the staining of the axon (Fig. 3a-f) .
Without cationic colloidal iron staining, no Prus- sian blue reaction occurred in any sites of the specimens, confirming that the above-described Prussian blue reaction was due to the presence of colloidal iron.
Electron microscopy
Exposure to osmium vapor contrasted ultrastructures within the axon; randomly distributed microtubules (20-40 nm in diameter) and neurofilaments (10-20 nm in diameter) were bridged with short fine filaments (5-10 nm in diameter, 20-40 nm long) to form a network structure as a whole within the axon. The electron dense particles (about 1.0 nm) of cationic colloidal iron spread all over the axoplasm even in the strong acid range of pH 1.5. Particularly, they were located on microtubules, neurofilaments, and fine filaments connecting them, corresponding to the light microscopy finding that strong anionic sites existed in the axon (Fig. 4) . Deposition of the colloidal iron was also recognized around mitochondria and myelin sheaths. Myelin sheaths were usually depicted in osmium staining as coaxial circles composed of two continuous layers of high and low electron densities under electron microscopy, with colloidal iron deposited particularly on the higher electron density layer (Fig. 4) . In a condition of pH 7.0 (Fig. 5) , there was a distribution of fine fibers long extending and forming a well developed network structure. Deposition of colloidal iron was also observed on the microtubules, neurofilaments and fine fibers connecting them, though not so clear as seen in the condition of pH 1.5.
DISCUSSION
The present study has shown that even in a very low pH value of 1.0, the peripheral nerve axons maintain their stainability with cationic colloidal iron. This Fig. 4 . A transmission electron micrograph of the rat sciatic nerve section treated with cationic colloidal iron solution (pH 1.5), and exposed with osmium tetroxide vapor. Cationic colloidal iron, which was observed as about 1.0 nm electron dense particles, spreads all over the axoplasm, particularly on microtubules (arrowheads), neurofilaments (arrows) and fine filaments, connecting the first two structures to form a network structure as a whole. A deposition of colloidal iron is also observed around mitochondria (Mt) and in the myelin sheath (My). Inset shows a high power view of the axon. X 80,000, inset: x 150,000 means that axons contain rich acid groups (anionic sites) ionized even in such a strong acid range.
The axon has well-developed filamentous or fibrous structures as cytoskeletons (TSUKITA and ISHIKAWA, 1982) . These structures are classified into microfilaments (about 6 nm diameter), 10 nm filaments (about 10 nm diameter) and microtubules (about 24 nm diameter) (WERKER and KIRKPATRICK, 1972; TSUKITA and ISHIKAWA, 1982) . The present electron microscopic study has confirmed the deposition of colloidal iron on microtubules, neurofilaments and fine filaments apparently connecting the first two. This finding correlated to the sites stained with lanthanum hydroxide (DOGGENWEILER and FRENK, 1965) , ruthenium red (TANI and AMETANI, 1970) and alcian blue (HINKLEY, 1973) .
It has been noted that substances stained with lanthanum hydroxide (pH 5.8-6.2) represent acid glycosaminoglycans in microtubules and associated filamentous elements (DOGGENWEILER and FRENK, 1965; LANE and TREHERNE, 1970; BURTON and KIRKLAND, 1971) . TANI and AMETANI (1970) described the structure of microtubules in the axon stained with ruthenium red as indicative of the location of glycosaminoglycans in them. HINKLEY (1973) , using alcian blue staining at pH 4.1, suggested that polyanions derived from acid glycosaminoglycans existed in microtubules and associated filamentous elements of the axon.
It is well known that the pH value of dye solution is critical for differential staining. By reducing the pH value, the ionized acid groups will decrease. In other words, if the pH value falls to 1.0-1.5 at the time of staining, only the sulfate and strong carboxyl groups, such as sulfated glycosaminoglycans and sialic acids, will remain ionized and be differentially Fig. 5 . A rat sciatic nerve section stained with cationic colloidal iron at pH 7.0. There are a distribution of fine filaments long extending and forming a well developed network structure.
A deposition of colloidal iron is observed on microtubules (arrowhead), neurofilaments (arrows), and fine filaments connecting them. Inset shows high power view of the axon. X 30,000, inset: x 90,000
Anionic Sites in Peripheral Nerve 491 stainable from other weak or non-ionized acid groups (OHTSUKA and MURAKAMI, 1994; MURAKAMI et al., 1994 ). The present study shows that the axon stains with cationic colloidal iron even at pH 1.0 strongly suggests that the axon contains sulfate groups or strong carboxyl groups. It also shows that the nerve sections after methylation lose their reaction to cationic colloidal iron, and that the staining density of axons after methylation and subsequent saponification recovers partially or incompletely.
These facts suggest that there should be sulfate groups as well as multiple-charged anions derived from carboxylate groups.
Reports have shown the presence of hyaluronic acid in the epineurium (MUKADAI et al., 1994) , hyaluronic acid and chondroitin 4-6 sulfate proteoglycan in the endoneurium (TONA et al., 1993; MUKADAI et al., 1994; UZUKI and SAWAI,1994) , heparan sulfate proteoglycan in the basement membrane of capillary vessels among nerve fibers (LAURIE et al., 1983) , hyaluronic acid and chondroitin 4-6 sulfate proteoglycan (AQUINO et al., 1984; CAREY et al., 1986; TONA et al., 1993; MUKADAI et al., 1994) and heparan sulfate proteoglycan (HINKLEY, 1973; LAURIE et al., 1983; BANNERMAN et al., 1986; OOHIRA, 1989; TONA et al., 1993) in the basement membrane of Schwann cells. The present enzyme digestion study has comfirmed the presence of hyaluronic acid in the epineurium, heparan sulfate proteoglycan in the basement membrane of capillary vessels among nerve fibers, chondroitin sulfate proteoglycan in the endoneurium, and heparan sulfate proteoglycan and chondroitin sulfate proteoglycan in the besement membrane of Schwann cells. However, the present enzyme digestions did not influence the staining for cationic colloidal iron in the axon. This suggests that there might be other strong anionic sites besides the common glycosaminoglycans in the axon. Furthermore, the authors have found that when axons became degenerative due to nerve compression, the nerve bundles lost the stainability of normal axons (data unpublished). This finding also supports the view that the reaction to cationic colloidal iron in the axon may be related with the axon of the nerve fiber itself.
Using an immunocytochemical method, AQUINO (1984) suggested that a significant portion of the chondroitin sulfate proteoglycan is present as a axoplasmic component of neurons. The staining pattern in axons supports the idea that the proteoglycans may be closely associated with microtubules, which are thought to play a role in axonal transport, mainly the fast component of axonal flow. The present results further indicate that colloidal iron deposits not only on microtubules but also on neurofilaments and fine filaments connecting the first two. It is implied that sulfated glycosaminoglycans are associated with both microtubules and neurofilaments. In other words, sulfated glycosaminoglycans may be transported both in the fast and slow component of axonal flow. This elaborate, highly charged, intra-axonal network could also play a supportive function in maintaining the spatial distribution of microtubules either mechanically or through electrostatic repulsion, or could possibly serve as an intra-axonal cation exchange reservoir. These intriguing possibilities suggest that this filamentous network is of importance to axonal physiology.
Although the axon is traditionally described as a bundle of neurofibrils identified by silver staining at the light microscopic level (TSUKITA and ISHIKAWA, 1982) , our colloidal iron staining method successfully stained and distinguished the axon simply and clearly in the present study.
